Abstract: Diffusion coefficients of four organic solvents: dichloromethane, trichloromethane, tetrachloromethane and n-hexane in polyethylene particles at infinite dilution were determined by use of inverse gas chromatography (IGC). The polymer particles were used as supplied by the producer to pack the chromatographic columns. This allowed a direct measurement of the interested properties in a particle with the same morphology obtained at the reactor outlet. The particle morphology was investigated and classical mathematical model for chromatographic process was adopted based upon the analysis of particle microstructure. It was found that the limitation step for mass transfer was in the polymer matrix rather than in macropores, and when interpreted in terms of diffusion coefficients for spherical particles, the measured diffusion coefficients compared favourably with predicted values from literature relationships and free volume theory.
Introduction
Knowledge of diffusion coefficients is of considerable importance in a wide variety of manufacturing operations of polymers, such as polymerization, devolatilization, vacuum-gas stripping and drying. Accurate and reliable determination of diffusion coefficients of small molecules in polymer matrix is valuable for both basic and engineering research and has been the subject of research for many years. Conventional methods for measuring the diffusion coefficients, such as bulk equilibration and gravimetric vapour sorption/desorption, are time consuming and becomes very difficult to apply to polymer-solvent systems when the solvent is present in vanishingly small amounts. This polymer concentrated region, however, is of primary interest in gas phase polymerization of olefins in which small amounts of solvents are frequently added with catalysts, and in devolatilization process where the critical stage often occurs at low solvent or penetrant concentrations.
In past two decades, attention has been focused on the inverse gas chromatography (IGC) as an alternative method for determining the diffusion coefficients in concentrated polymer solutions. Both packed column and capillary column IGC are used to study the transport properties of polymers ranging from completely amorphous to highly crystallized state. Different mathematical models are developed to describe the chromatographic processes and considerable amounts of polymer-solvent systems are tested by pulse injected IGC method. In this respect several papers has reviewed the development of IGC to measure the diffusion coefficients in polymer-solvent system [1, 2] as well as in inorganic porous solids [3] . However, conventional IGC method, either with packed column or capillary column, can not be applied to nascent polymer particles because both the columns are prepared by dissolving and coating of the polymer onto inorganic carriers or inner wall of capillary column, which destroys the original morphology of the polymer particles. On the other hand, study of transport properties of small solvent molecules in polymer particles is important for gas-phase polymerization and devolatilization process. Therefore, it is expected that IGC should be extended to cover the diffusion in polymer particles with careful selection of mathematical models and check for the isothermal characteristic of the chromatographic process.
Several researchers have devoted to using nascent or ground polyolefin particles for IGC measurement. Guillet and Braun [4] measured the crystallinity of polyolefin powders either ground from films and pellets or directly obtained from polymerization reactor. It was shown that the crystallinity could be determined by careful correction for flow rate effects. Sliepcevich et al [5] measured the diffusivity and solubility of olefin monomers in polypropylene particles. In their paper, moment analysis was included to model the chromatographic process and a characteristic diffusion time treating with mass transport in external fluid film, particle pores and polymer matrix was defined. Solubility constants and diffusion coefficients were found to agree with theoretically predicted values. Martin and McKenna [6] also investigated the transport phenomena in polypropylene particles using IGC results. The characteristic mass transfer times of olefin monomers in polymer particles was found to directly correlate with particle morphology. For polypropylene particles with compact microstructure, the characteristic length scale for diffusion was in the same order of magnitude as the size of polymer particles.
In present study, we concentrate on the measurement of diffusivity of organic solvents in nascent polyethylene particles using IGC method. Similar work, to our knowledge, has not been reported in literature although solution coating method has been well studied for polyethylene solvent system [7] [8] [9] [10] [11] . The outline of this paper is as follows. In section 2, the particle model of polyolefin is briefly reviewed and the microstructure of polyethylene particle is analyzed based upon the electron microscope observations. In section 3, the mathematical model describing the chromatographic process is carefully selected and presented with emphasis on the real physical structure of polymer particles. Results of the measurement and related discussions on the limitation step for mass transfer and particle size effect are illustrated in section 4. In Section 5, the reliability of this method is investigated by comparing the testing results with literature reported relationships and fitting results from CTF free volume theory. The experimental apparatus and process are described and parameters of sample and column are displayed in the last section.
Particle model of polyethylene
Varies models are developed to model the particle morphology of a growing polymer particle in olefin polymerization, in which multigrain model (MGM) is the most widely used one [12] [13] [14] [15] . The model structure is based on numerous experimental observations that the original catalyst particle quickly breaks up into many small catalyst fragments (primary crystallinites) which are dispersed throughout the growing polymer. Thus, the large macroparticle is comprised of many small polymer particles (microparticles), which encapsulate these catalyst fragments. In this idealized picture, all microparticles at a given large particle radius are assumed to be the same size, as schematically shown in Figure 1 . There are both macrodiffusion in the interstices between microparticles and microdiffusion within the microparticles. In general, the effective diffusion coefficients for the two regimes are not equal. The MGM model was well supported by experimental evidence from electron microscope and TEM studies [16] [17] [18] . Primary polymer particles with 0.2-0.35 μm in diameter in nascent polypropylene particles were directly observed by TEM technique and in the core of the individual primary polymer particles one or sometimes two catalyst crystallites existed [17] . However, as an important deviation from the idealized MGM model, the primary polymer particles formed into a secondary polymer globule structure with a diameter of about 1 μm. These polymer globules could be observed from SEM photographs of the particle and might contain several tens of primary particles [17, 18] . Martin and McKenna [6] also found that for a wide number of polyolefin particles, neighbouring primary particles could meld into larger agglomerates, probably caused by the softening or melting of the polymer phase under the real reactor temperature. Thus the length scales for mass transfer through the polymer changed by two or three orders of magnitude. In this work, we first checked the particle morphology of polyethylene by SEM photographs shown in Figure 2 . The shape of macroparticles was found to be close to spheres and the macroparticle consisted of secondary polymer pellets with the diameter of several tens of micrometers. There was obvious interstice between individual pellets. Further magnifying of the secondary polymer pellets gave a vision of continuous polymer matrix except a few photographs showing possible existence of smaller particle units with a diameter of about 1μm, as shown in Figure 2C . However, even in this case the smaller microparticles (if they did exist) seemed more like to meld together to form continuous agglomerates rather than construct the macroparticle individually. Therefore, the secondary polymer pellet was considered to be compact and constructed by continuous polymer matrix. According to these findings, the diffusion of small molecules into the polymer particle could be reasonably deduced as macrodiffusion in the interstices between the secondary polymer pellets and microdiffusion in the polymer pellets i.e. in the polymer matrix. The diameter of the secondary polymer pellets was estimated through the random observation of different polymer particles, giving a diameter of 20~60 μm; we thus assumed an average diameter 40 μm for the pallet. In present stage, it is difficult to calculate precisely the size of the secondary polymer pellet due to the complexity arising from the particle growing process during polymerization. As a preliminary step, the method of direct observation was adopted and it was believed that the magnitude of the diffusion coefficients would not be much affected by this estimation. 
Theoretical Model
In this part, the necessary mathematical model for linear chromatography process was presented with regard to the interactions at the local level (see Fig. 3 ). A biporous adsorbent structure consisting of small micro-spheres formed into a macroporous pellet was assumed for polyethylene particles based on the SEM observation. For such a system the dynamic modelling was achieved by Ruthven and Ching [19] . The modelling process included the building up of mass balance equation of the column and series of mass transfer equations considering three distinct resistances at the local level: the diffusional resistance within microparticles and within the macropores and the external fluid film resistance. Method of moment analysis was used to generate the first and second moments of the solution to these differential equations, hence the height equivalent to a theoretical plate (HETP) could be calculated. The whole modelling process was shown as following:
Mass balance on a differential element of the column
where the term Q t ∂ ∂ represents the local rate of mass transfer between the fluid and solid phases. 
Diffusion in microparticle
c c
Mass transfer at pellet surface
Initial and boundary conditions
To avoid the complexity arising from the inversion of Laplace domain solutions to time domain, method of moments was used to obtain the characteristic parameters of chromatographic response.
First moment (Retention time):
Second moment
The expressions of first and second moments of pulse response for the bidisperse particle model were given by Ruthven and Ching [19] :
where
If no interaction between air and polymer is assumed, then the retention time of air, t a , is identical to that required for the carrier gas to pass through the column, L/v. Therefore, the value of K can be obtained by linear regression of t R vs t a with eq. (12).
The height equivalent to a theoretical plate (HETP) was given by
The right side of equation (14) represents a contribution to peak spreading: axial dispersion in the gas phase, external fluid film resistance and resistance to mass transfer in macropores and microparticles. The three terms 3 (14) was reduced to
In large carrier flow rates, the axial dispersion can be neglected and a linear behaviour was found when H was plotted versus v, the slop was directly related to the total characteristic diffusion time t m .
-Corrections for pressure drop
The expressions for the moments of the chromatographic response were derived on the assumption that the pressure drop through the column is negligibly small. Since pressure drop (in a gaseous system) introduces additional dispersion, it is desirable in the chromatographic measurement of intraparticle diffusivities to operate under as nearly isobaric conditions as possible. However, it is sometimes necessary to use small particles to eliminate the contribution from macropore resistance, and this make it difficult to operate the column under isobaric conditions. Expressions for the effect of pressure drop proposed by Pazdernik and Schneider [20] were adopted in this work. For moderate pressure drops (γ<0.5):
where f was defined as 
In which P i and P o are the inlet and outlet pressures, respectively.
Inclusion of pressure correction factors into eq. (15) yields:
Results and discussion
Limitation step of mass transfer
As shown in the theoretical part, the mass transfer in the polymer particle side consists of three parts: diffusion within microparticles, macrodiffusion in the interstices between microparticles and diffusion through the external fluid film. 
, in which the three terms are defined as t f , t p and t c , expressing respectively the characteristic diffusion time in external fluid film, macroparticle pores and microparticles. Using the relationship by Wakao and Funazkri [21] to evaluate the mass transport coefficient k f as a function of flow rate in the chromatographic process, it was found that the mass transfer resistance in external fluid film was always negligible, being the estimated value of t f at least two orders of magnitude smaller than the experimental value of t m . The effect of diffusion in macropores will be shown to be also negligible by comparing the values of t m and t p in column 3. The diffusion coefficient in macropores D P can be estimated by
, in which D m0 is the molecular diffusivity of solvent in the carrier gas.
The values of D m0 for CHCl 3 , CCl 4 and n-hexane can be found or estimated from literatures [1, 22, 23] . ξ P and τ (2~7) are the internal porosity and tortuosity factor, respectively. The calculated value of characteristic time t p and the fitted value of t m are given in Table 1 for column 3. A much lower value of t p (one magnitude lower) was found for trichloromethane, tetrachloromethane and n-hexane, indicating negligible macropore diffusion. Therefore, the limitation step of diffusion should be diffusion in microparticles, e.g. polymer matrix. Accordingly, the expression of t m reduced to 
Determination of length scale for mass transfer
As shown in the theoretical part, plotting of H versus v was performed to obtain t m . A fairly good linear relationship was found for all solvents as displayed in Figure 4 . The fitting results of t m were listed in Table 2 for high density polyethylene sample.
According to the expression of the characteristic time for mass transfer Krevelen et al [24] reported a predication model for diffusion coefficients in the amorphous fraction of rubbery semi crystalline polymers 
In the case of very low solvent concentration, the diffusivity in polymer matrix can be expressed as
Using equations (20) ~ (24), the predicted diffusion coefficients can be obtained and is listed in the last column of Table 2 . From this, D 2 was found to agree well with D c while D 1 gave a three magnitudes lower value and D 3 two magnitudes higher. Furthermore, D 1 was found to be much lower than the measured values reported in the literature, in fact the diffusion coefficients in this level has exceeded or approached to the limitation of the IGC method. We thus concluded that, in consideration of the analysis of the SEM photographs of PE particles, the length scale for mass transfer should not be in the size of a traditionally defined microparticle. However, unlike some compact polypropylene particles, the assignment of the length scale for mass transfer to the size of macroparticles [5, 6] Moreover, the mathematic model for calculating diffusion coefficients based on the assumption of a biporous particle structure, therefore misunderstanding arises when only macroparticle was considered.
In conclusion, the length scale for mass transfer should be in the size of a secondary polymer globule, showing a diameter of several tens micrometers for HDPE sample. The resulting diffusion coefficients in the polymer matrix are in the magnitude of 10 
Effect of solvent size on the diffusivity
A careful comparison between the diffusivity data of CH 2 Cl 2 , CHCl 3 and CCl 4 led to the conclusion that the diffusion coefficients decreased with the size of solvents. This observation agrees with the results from solution coating IGC method [8, 10, 11] . Further correlation of diffusivity with temperature was performed as given in Figure 5 .
Arrhenius equation was used to fit the lnD~T curves and the activation energies of infinite dilution diffusion for CH 2 Cl 2 , CHCl 3 and CCl 4 were obtained from the slope values, as listed in Table 3 . It was found that E D ∞ increased with the size of solvents, showing clearly the effect of solvent size on diffusivity.
Polyethylene/n-hexane system
Diffusion in semicrystalline polymer such as polyethylene is complicated by the presence of crystallites. In this regard two important factors, the geometrical impedance factor and constraining effect of the crystallites on the amorphous chain segments should be quantitatively described. The former one arises from the fact that the penetrant molecules have to circumvent the crystallites and thus "travel" a much longer distance through a semicrystalline polymer than through a fully amorphous polymer. The latter one considered the amorphous chain segments having both ends anchored in one or two crystallites. Free volume theory according to Cohen and Turnbull [25, 26] , and Fujita [27] , hereafter referred to as the CTF model, accurately describes the desorption of hydrocarbons from polyethylene. The model assumes the fractional free volume of swollen polymer is the sum of fractional free volume of pure polymer and pure solute. This assumption is valid for polyethylene and n-hexane [28] , which presented a model system to study the concentration dependence of diffusivity for semi crystalline-polymer/ solute system under room temperature. The following equation [29] , shown here to present the basic concepts, provided an excellent numerical fit to experimental data:
where D is the penetrant diffusivity, A is a factor that is inversely proportional to the geometrical impedance factor. B d is a factor that depends only on the size and shape of the penetrant molecule. is the penetrant concentration in the penetrable phase. and are the fractional free volumes of penetrant and penetrable polymer respectively. The product of the first two factors is the zero-concentration diffusivity ( ). The third factor describes the concentration dependence of the diffusivity. Large varieties of polyethylene samples have been investigated with n-hexane desorption [29, 30] and could be precisely determined when desorption data under room temperature were fitted with eq (26) . In the case of infinite dilution diffusion, as studied in this work by IGC method, the diffusion coefficient should be close to because both assumed a very low solute concentration. We thus extrapolated the infinite dilution diffusion coefficients to room temperature using eq (25) ). This comparison confirmed that the diffusion coefficients measured in this work were in the magnitude of diffusion coefficients in polymer matrix and as a preliminary step, the Arrhenius equation (eq 25) could be used to predict the temperature dependence of D ∞ .
Conclusions
In the present study, the infinite dilution diffusion coefficients of four organic solvents in polyethylene matrix were determined by inverse gas chromatographic technique. All the measurements were carried out using the nascent polyethylene particle i.e. particles having the same morphology as leaving the reactor. Classical mathematical model for chromatographic process, which assumed a biporous adsorbent structure, was adopted basing upon the analysis of the microstructure of polyethylene particles. The rate determining step for solvent diffusion in these polymer particles was investigated to be in the polymer matrix rather than in the macropores. It was found that the measured diffusion coefficients increased with the rising temperature in the range of experimental study. Molecular size of the solvent, however, affected the diffusivity in an opposite manner. Both observations were consistent with results from solution-coating IGC method. The measured diffusion coefficients were compared with those predicted by literature relationships and fitting results of CTF model which based on free volume theory. The fairly good agreement indicated chromatography as a relatively simple and reliable technique for measuring diffusivity in polymer matrix. Furthermore, it is possible to measure the diffusivity in a "non-destroying" manner which keeps the particle morphology unchanged as from the reactor outlet. Nevertheless, the precision of the IGC method shown in this work was limited by the determination of the length scale for mass transfer. In this regard a mathematical model should be developed to predict the size of the secondary polyethylene pallet.
Experimental

Apparatus
Measurements were carried out on an Agilent 1490 gas chromatograph (Agilent Technologies, Shanghai, China). A flame ionization detector (FID) and a personal computer equipped with a data acquisition system were used to detect and evaluate the solute concentration in the carrier gas (N 2 ) leaving the column. Nitrogen was used as the carrier gas in all experiments. The column was fitted to the GC oven where temperature was controlled to ±0.1 ºC. Small amounts of solvent (0.6 μl) were injected in the column through a silicone rubber septum using 10 μl syringe, while about 6 μl of air were injected as an inlet component along with the liquid sample to determine the average velocity of carrier gas in the column. The flow rate of carrier gas was measured by means of a soap bubble flowmeter. Measurements were preformed over a wide range of flow rate at different temperatures. In addition, replicate experiments were performed at each flow rate to insure that the results were reproducible at each fixed set condition. The pressure drop across the column was measured using a highly accurate manometer at each flow, and then the column was set to next flow rate.
Materials
High density Polyethylene (HDPE) was supplied by SINOPEC Qilu Company LTD (Shandong, China). The polymer particles were received as directly obtained from polymerization reactor. The results of characterization in terms of density, volume fraction of crystalline polymer φ c , and intraparticle porosity ratio ξ P were given in 
Preparation of the packed columns
Stainless steel tubes were used as the chromatographic column after washing with solvents and vacuum drying. Polyethylene particles were sieved to generate samples with different average size. Packing was achieved by continuous mechanical vibration of the column under vacuum. To investigate the effect of particle size on diffusivity, column 1~5 were prepared and the characteristic parameters of the column were listed in Table 5 .
Investigation of the pressure drop of packed columns
The expression for HETP (eq.19) was obtained under moderated pressure drop of the column for which γ<0.5 was assumed. The validity of this assumption was checked by recording the pressure drop of the five prepared columns using CH 2 Cl 2 as probe molecule at 323.15 K. The pressure drop of column 4 and 5 under the targeted flow rate exceeded the allowing value of γ. In regarding to the necessity of eliminating the macropore resistance (this will be further conformed in section 4), column 3 was selected because it was packed with smaller polymer particles. The pressure drops of the columns in following experiments were recorded within the range of 0.032≤γ≤0.46, thus eq. (16) 
Checking of the assumption of linear chromatographic process
As described in the theoretical part, the mathematical model adopted in this work applies only to linear chromatographic process, thus a careful checking of the validation of this assumption is necessary. Preliminary experiments were performed for column 3 at constant flow rate and increasing volume. In the case of linear chromatography, the measured retention time t R (first moment of pulse response) and peak dispersion σ 2 (second moment) will not change with pulse volume [31] . As an example, part of experimental results for column 3 was shown in Figure 7 , with a clear independence of t R and σ 2 from pulse volume. Similar results were found with other solvents, which confirmed the linear assumption of the chromatographic processes. 
